The maximum region for tritium is much broader extending to the north. These suggest that the subboreal region is active in the gas exchange and/or the warm water residing for a long time at the surface and flowing into the region across the subarctic front sinks quickly in winter. At the lower isopycnal surface, the increase in ∆ 14 C value for 14 ± 4 years was around 27‰, which is smaller than that expected from the total carbonate increase, indicating an active isopycnal mixing.
Introduction
Recently, the North Pacific Intermediate Water or the Oyashio water of subarctic origin has been paid much attention in the global change issue, because the water may be a significant sink for the anthropogenic carbon dioxide . In the Tsunogai et al. (1993) 's work the anthropogenic carbon dioxide has penetrated into depths down to 1000 m or more in the western North Pacific. The intermediate water was fairly actively studied hitherto by physical oceanographers (e.g., Ohtani, 1970; Ohtani et al., 1972; Kitani, 1973; Favorite et al., 1976; Talley, 1991; Nagata et al., 1992; Yang et al., 1993) , and characterized and traced with hydrographic water properties in these studies. However, the studies on its dynamic aspects using radioactive tracers and non-conservative properties are insufficient especially in the western North Pacific.
The first extensive observation of chemical and radiochemical properties in the North Pacific Intermediate Water was carried out during the GEOSECS expedition , in which the concentrations of radiocarbon and tritium in 1973 were fairly precisely measured as well as determinations of usual chemical components such as salinity, dissolved oxygen, pH, alkalinity (total carbonate) and nutrients. The concentrations of tritium and CFCs (chlorofluorocarbons) at the 1980's level in the Oyashio region (the northwestern North Pacific) were *Present address: Japan Marine Science & Technology Center, Natsushima-cho 2-15, Yokosuka 237, Japan. determined by Watanabe et al. (1991) and Watanabe et al. (1994) , respectively. These chemical tracers have clearly indicated the existence of water newly formed in the northern North Pacific, but the data on tritium and CFCs are limited in number. Furthermore, the behavior of tritium or CFCs at the surface is not necessarily the same as that of radiocarbon or dissolved carbon dioxide, because carbon dioxide requires much longer time for attaining an equilibrium state for the gas exchange at the air-sea interface due to its large capacity even in the surface water.
The GEOSECS expedition occupied a few tens of observation stations in the North Pacific and precisely measured many components including radiocarbon (Ostlund and Stuiver, 1980) , but the obtained data on the chemical properties in the intermediate water have not been well examined as compared to those in the deep water (Broecker and Peng, 1982) . The Japanese cruises of Hakuho Maru of University of Tokyo were carried out on nearly the same occasion as the GEOSECS and measured the general chemical properties which were useful as supplemental data sources, although the radioactive tracers were not included. We have first intended to specify the intermediate water with these data.
We have also measured ∆ 14 C values of the intermediate water three times in 1980's (including 1991) at nearly the same location in the western North Pacific Subarctic Gyre. The comparison of these data sets may provide information on the temporal change of the intermediate water in the western North Pacific.
Data Source
The data used for the mapping were obtained during the GEOSECS cruise (Ostlund and Stuiver, 1980; Ostlund and Brescher, 1982) , the KH-68-4, KH-70-1 and KH-70-2 cruises (Horibe, 1970 (Horibe, , 1971a (Horibe, , 1971b and KH-71-3, KH-73-1 and KH-75-4 cruises (Hattori, 1973 (Hattori, , 1977 . The total number of observation stations for water temperature and chemical components was 137, but those for tritium and radiocarbon were 47 and 27, respectively.
We have also obtained some radiocarbon data in 1980's in this study. The determination of radiocarbon in seawater was carried out according to the benzene synthesis followed by the liquid scintillation method, of which details will be described elsewhere. The water samples of 100-200 l each were collected at 3 stations in the western North Pacific of 43-45°N and 150-165°E during the cruises of KH-83-3 in 1983 , KH-85-2 in 1985 and KH-91-3 in 1991 , and at a station off Sanriku (38.5°N and 145°E) during the cruise of KT-84-9 in 1984 . Although the analytical errors (±7‰ as a 1σ value of the counting statistics) for ∆ 14 C values were somewhat larger than those of the GEOSECS data, the wider range of variation in the ∆ 14 C of the intermediate water makes it possible to use our ∆ 14 C values for this purpose.
Results and Discussion

North Pacific Intermediate Water depicted by the chemical tracers
Based on Tsunogai et al. (1993) , we have taken two isopycnal surfaces of σ θ of 26.6 and 27.2 as representatives of the upper and lower intermediate waters, respectively. The upper surface is the bottom of fairly uniform surface layer for the anthropogenic carbon in the northern North Pacific. The water at the lower surface contained certainly a significant amount of the anthropogenic carbon. The densities (σ θ values) were calculated according to a formula proposed by Unesco (1987) , which were smaller by about 0.04 than those given in the GEOSECS publication for the density range of the intermediate waters. We have obtained the numerical values of depth, salinity (or temperature being a counterpart of salinity), dissolved oxygen, Si/N, ∆ 14 C and tritium at the two surfaces by interpolating linearly the observed data. The systematic errors between the data sets were partly corrected by referring to the profiles of respective components in the deep water, but the correction was not serious, because their vertical profiles varied widely in the intermediate water. The data suffering from large random errors were ignored, which were expected from those observed at neighboring depths and stations. Those interpolated values obtained are plotted in Figs. 1-6 . These figures indicate the following characteristic features for the intermediate water.
Depth
The depths at the isopycnal surfaces of σ θ of 26.6 and 27.2 are plotted in Figs. 1A and 1B, respectively. The mid-latitudes of the western North Pacific of 30-40°N off Japan is the deepest region at the upper isopycnal surface (Fig. 1A) , and the isopleths of greater depths are extended toward the east in the mid-latitudes (20-40°N). Thus, the isopleths are almost parallel to latitudes in both the high and low-latitudes in the North Pacific. In the narrow belt of the equatorial region (a width of about 5° in latitude), the depth of the upper isopycnal surface is somewhat deepened and, therefore, the shallowest (minimum) regions are found in the northern end of the North Pacific and in the low-latitudes (5-10°N) of the eastern North Pacific. The minimum depth region is expected to be the source or sink of the intermediate water.
The geographical pattern of isopleths of depth can be understood by the generally accepted flow pattern of the North Pacific Intermediate Water (e.g., Sverdrup et al., 1942) , in that the water formed in the northern North Pacific flows into the western North Pacific of the mid-latitudes descending gradually and ascends during flowing toward the east.
The isodepth lines at the lower isopycnal surface of the intermediate water (σ θ = 27.2) also show a maximum in the western North Pacific off Japan and their pattern is similar to that at the upper surface of the intermediate water, but their range is somewhat reduced. Furthermore, the smallest depth region in the low-latitudes of the eastern North Pacific is shifted to the north by about 10° in latitude at the lower surface. The shift may indicate that the intermediate water ascends with flowing towards the equator in the eastern North Pacific, although the situation is highly complicated by the vertical mixing and the east-west component of the lateral flow. Figure 1C shows the difference in depth between the two isopycnal surfaces of the intermediate water. Among the North Pacific intermediate waters, the most statically stable or strongly stratified water (the minimum depth difference) is found in the subtropical region of the western North Pacific around 20°N (the density gradient = 2 × 10 -8 g/cm 4 ) and somewhat stable water exists in the narrow equatorial region. The most unstable water is found in the eastern North Pacific of low-latitudes around 5-10°N (the density gradient = 1 × 10 -8 g/cm 4 ) and the next unstable water exists in the northern North Pacific around 45°N. Both the regions of unstable intermediate water are expected to be its source and sink regions as specified later.
Salinity
The isopleths of salinity at the upper isopycnal surface of σ θ of 26.6 ( Fig. 2A ) make a monotonous increase pattern from the northern North Pacific toward the equator except the margin of the ocean. This variation in salinities at the upper surface may be due to the vertical mixing of the upper intermediate water with the surface waters different in the salinity and temperature combination, because the water lying beneath, the Pacific Deep Water, consists of nearly the same single water mass in the North Pacific. In the north region, the upper intermediate water is mixed with the surface water of lower temperature and lower salinity, while it is mixed with the water of higher temperature and higher salinity in the south region near the equator. The isopleths of salinity at the upper isopycnal surface are densely packed in the two latitudinal belts around 40-50°N and 10-20°N, that is to say, a similar intermediate water mass occupies the wide area of the mid-latitudes especially in the western North Pacific. This means that the lateral eddy diffusion is active within the mid-latitudes but the mixing is hindered at the above two boundaries. The hindrance seems to be stronger in the south boundary region than in the northern region, because there is no large latitudinal variation in salinity of the surface water in the south region.
The salinity at the lower isopycnal surface (Fig. 2B ) also shows a pattern increasing monotonously from the north toward the equator similar to the upper intermediate water. The intervals of the isopleths, however, are broadened and the variation is greatly reduced. This feature at the lower surface may be due to the lateral mixing for a long duration inducing decrease in the salinity difference and due to the vertical mixing with the single Pacific Deep Water mass.
From Fig. 2C which is the difference in salinity between the two surfaces, we can confirm the existence of a large volume of the almost same water mass in the mid-latitudes as is shown in Fig. 1C for the depth.
Oxygen
The distribution of dissolved oxygen at the upper isopycnal surface of the intermediate water clearly shows its source and sink regions (Fig. 3A) . The larger values of oxygen indicating the source region are found in the high-latitudes (around 45°N) in the western North Pacific and the lower values indicating the sink region exist in the low-latitudes (10-20°N) in the eastern Pacific. The pattern of isopleths of oxygen is probably similar to that of natural ∆ 14 C, because the concentration of oxygen decrease with time in the subsurface water, although the consumption is accelerated in the upper water column by the decomposition of more amounts of sinking particles (Tsunogai, 1972) .
The isopleths are also densely packed like salinity in the zone of 10-20°N in the central North Pacific and their intervals are broader in the mid-latitudes. There is no such a large latitudinal variation of dissolved oxygen contents in the surface water in the low-latitudes. These indicate the active lateral mixing within the mid-latitudes and the weak lateral mixing perpendicular to latitude in the low-latitudes.
The oxygen distribution at the lower isopycnal surface (Fig. 3B ) is somewhat different from the upper one. The higher values are found in the southern part of the western North Pacific, indicating that the oxygen content is influenced by the younger deep water flowing from the equatorial region to the high-latitudes in the western North Pacific and the slower consumption rate of oxygen in the intermediate water in the low-latitudes. Although the flow is composite one of various eddies, the flow of lower intermediate water may reflect or be dragged by that of the Pacific Deep Water (Broecker and Peng, 1982) . If the oxygen contents indicate the flow pattern of the upper deep water, there are two cores flowing eastward; One is that flowing near Wake Island and Hawaii Islands around 20-25°N, and the other is that flowing around 45°N across the Emperor Sea Mounts.
The difference between the two surfaces ( Fig. 3C ) is large in the western North Pacific, that is, the oxygen content decreases rapidly with depth, indicating stronger stratification. On the other hand, the difference in the southeastern North Pacific is small or reverse in the direction (increasing with depth), which will be discussed in the section for the Si/N ratio distribution. Tsunogai (1987) has successfully described the deep-water circulation in the North Pacific using the Si (silicate)-O (dissolved oxygen) diagram method. This method is also applicable to (Figs. 4A and 4B ), the Si/N ratios monotonously decrease from north to south in the North Pacific and somewhat larger ones are found in its central and western parts than in its eastern part. As a whole, therefore, the Si/N ratio is about twice larger in the western part of the northern North Pacific including the Bering Sea than in the eastern Equatorial Pacific. While both the above regions are biologically productive, a large difference in the ecosystem should be induced by this difference, because the ratio is directly related to the production ratio of organisms having silica tests such as diatoms.
Si/N ratio
The high Si/N ratio in the northern North Pacific is due to the more addition of the Pacific Deep Water not altered and the low Si/N ratio in the southeastern North Pacific is due to the addition of nitrate by the decomposition of organic matter during stay in the layer. The low Si/N ratio in the eastern North Pacific suggests that a majority of the surface water in the region, so called the upwelling water, originates not in the Pacific Deep Water but in the North Pacific Intermediate Water.
The differences in the Si/N ratio between the two surfaces ( Fig. 4C) are not highly variable with respect to the geographical locations. A somewhat larger difference in the mid-latitudes may be due to the stronger stratification, namely less active vertical mixing as compared to that in other regions. It is noted that the difference in the southeastern North Pacific is not so small compared to other regions or the Si/N ratio increases rather steeply with depth. This and the features seen in Fig. 1C (for depth) and Fig. 3C (for oxygen) imply the active vertical mixing and the active decomposition of organic matter in the region, because the vertical mixing makes uniform the vertical distribution of oxygen but the low oxygen content should be due to the decay of organic matter.
∆ 14 C
The distribution of ∆ 14 C at the upper isopycnal surface of σ θ of 26.6 (Fig. 5A) is the most interesting. In the western North Pacific around 40-45°N, its highest or maximum value is found. This maximum must be due to the artificial radiocarbon formed after 1950's or chiefly in 1960's by the nuclear explosion tests, because the value is higher than that in the surface water in the prebomb era (ca. -40‰ according to Bien et al., 1960; Broecker et al., 1960; Broecker and Peng, 1982) .
The higher values are distributed to the western part of the northern North Pacific of subboreal region. The region should be the source region of the intermediate water dissolving the anthropogenic carbon dioxide. The maximum at the upper isopycnal surface, however, is not found in the northern end of the North Pacific including the Bering Sea. This finding suggests that the intermediate water conveying the anthropogenic carbon dioxide is not actively formed in the boreal latitude zone (north of 50°N), but formed centrally in the subboreal zone around 45°N of the western North Pacific, although we can expect some lateral displacement of the water before arriving this region. This is also confirmed from the radiocarbon age of the Bering Sea water including the northern end of the North Pacific (Fig. 7) , which has been calculated by Tsunogai (1981) . shows an almost linear mixing line of two components, the deep water and the surface water of prebomb era in the region, indicating no significant intrusion of the surface water containing artificial radiocarbon to depths greater than 200 m in the Bering Sea. This will be further discussed in the next section.
On the other hand, we cannot obviously find the radiocarbon of the nuclear bomb test origin at the lower isopycnal surface of the intermediate water. There is no distinct maximum at this surface and the pattern of ∆ 14 C is somewhat similar to that of dissolved oxygen and the flow pattern of the Pacific Deep Water (Tsunogai, 1987) . Unfortunately, we don't know the distribution of ∆ 14 C in the prebomb era at the lower surface and we cannot estimate the increase in radiocarbon during the period from the prebomb era to 1973, but the distribution of tritium described in the next section expects us small but some increase in the artificial radiocarbon at the lower isopycnal surface even in 1973.
It is also interesting to note a large geographical variation in the difference in ∆ 14 C at the two surfaces (Fig. 5C) . Artificial radiocarbon is a transient tracer. The difference will be changed with time and its interannual change will give information on the vertical and lateral mixing of the intermediate water.
Tritium
The distribution of tritium (half-life: 12.5 years) at the upper surface (Fig. 6A ) is principally the same as that of ∆ 14 C. A slight difference is found in the northern end of the North Pacific, where the anthropogenic radiocarbon is less contained than in the region around 40-45°N, but it is not the case for tritium. This difference seems to be related to the large capacity of dissolved carbon dioxide which requires considerably long time for the equilibration at the ocean surface, while the input of tritium is direct from meteoric precipitation. This finding means that the water in disequilibrium with the atmospheric carbon dioxide but containing tritium, is sinking into or mixing with the intermediate water in the boreal region of the North Pacific (north of 50°N), while the water nearer the equilibrium state is sinking in the subboreal region. This state may be achieved by more and heavier storms in the subboreal region and/or by spending more time at Fig. 7 . Relation between salinity (in psu) and age of water (lapse time after leaving form the surface) calculated from the GEOSECS data at Stn. 218 (50.4°N, 176.6°W) and Stn. 219 (53.1°N, 177.3°W in the Bering Sea) by Tsunogai (1981) .
the surface including the time in the warm surface. The latter implies the intermediate water is formed from the old surface water coming across the subarctic front and cooling in winter, but containing tritium not more than the boreal surface water. The distribution of tritium at the lower isopycnal surface (Fig. 6B) shows that a huge area occupying more than a half of the North Pacific contains no significant amount of tritium including natural tritium. This distribution indicates the mean age of the lower intermediate water is older than a few tens of years.
The tritium contents are normalized to the 1981 level assuming all the tritium is of bomb origin and thus the largest value of 0.6 TU in the western North Pacific is about 1 TU if the tritium is natural in a steady state. The value is too high if it were natural. Therefore, the tritium at the lower isopycnal surface should be also contaminated with the nuclear bomb tritium in 1973 in the western North Pacific. Namely, the anthropogenic carbon is expected to be rapidly penetrated to the lower intermediate water in the region
Temporal change of the radiocarbon content in the intermediate water of the western North Pacific
We have obtained the vertical profiles of radiocarbon at nearly the same location (43-45°N, 150-165°E) in the western North Pacific in 1980's (including 1991), and compared them with the GEOSECS data observed in 1973. The results are listed in Table 1 and plotted against the density of water together with those obtained at 38.5°N and 145°E near the coast and the GEOSECS data (Fig. 8) . The study zone lay between the two GEOSECS stations (Stns. 217 and 222), of which difference in the ∆ 14 C profile was small (Fig. 8) .
The ∆ 14 C profiles plotted against density are fairly widely scattered especially in the low density water, namely in the upper intermediate water of σ θ around 26.6. The scattering may be partly due to the analytical error, but mostly due to the heterogeneity of the intermediate water, because the deep water having σ θ more than 27.5 shows such no large variation (Fig. 8) .
At the upper isopycnal surface of σ θ of 26.6 (Fig. 8) , we could not find a definite trend in the temporal variation of ∆ 14 C as well as artificial tritium (Van Scoy et al., 1991) . The scattering of ∆ 14 C seems to be due to the variation of ∆ 14 C in the surface water now decreasing and the different mixing ratio of the surface water, because the artificial radiocarbon enters into the intermediate water via the region (Fig. 5A) . If we continue the observation for a long time at the station, the trend decreasing with time will be confirmed at the upper isopycnal surface.
At the lower isopycnal surface of σ θ of 27.2, the ∆ 14 C values in the 1980's level certainly increased as shown in Fig. 8 , where all the data obtained in 1980's are distributed in the right side of the GEOSECS data in 1973 for waters having σ θ of 27.2 ± 0.2. The interpolated ∆ 14 C at the lower isopycnal are -177 ± 10‰ and -150 ± 2‰ for the GEOSECS and our data, respectively. The increase in ∆ 14 C at the surface of σ θ of 27.2 is 27 ± 10‰. We do not know the reason why the radiocarbon data collected in 1984 at a station (38.5°N, 145°E) near the Sanriku coast are not different from the GEOSECS ones in 1973 (Fig. 8) .
We have roughly estimated the increase in total carbon dioxide content corresponding to the increase in ∆ 14 C of 27‰ to be about 2 µM as described below. The assumptions are that the lower intermediate water contained negligibly small amount of artificial radiocarbon in 1973 and the water was formed by diluting with water also dissolving negligibly small amount of anthropogenic carbon dioxide or the increase in total carbon dioxide content is proportional to the increase in ∆ 14 C. The mean ∆ 14 C value in the surface water south of 40°N was 136‰ in 1973 (Ostlund and Stuiver, 1980) or 100‰ in early 1990's . The reason why we take the ∆ 14 C in the warm surface water has been discussed in Subsection 3.1.6 for the tritium distribution.
The surface water north of 40°N is not attained the gas exchange equilibrium for carbon dioxide. We, therefore, obtain the dilution factor of the lower intermediate to be around 6 or 4 to 10 if we can assume the increase in the ∆ 14 C value in the surface water from -40‰ at the prebomb era to be 160 ± 20‰. The increase in total carbon dioxide content in water (X) equilibrated with the atmospheric carbon dioxide increased by x′ ppm (in fugacity) from A′ ppm owing to the human activities is a sum of the increases in the concentrations of H 2 CO 3 (A), HCO 3 -(B) and CO 3 2-(C). If the alkalinity of surface water is not changed, the increase in the HCO 3 -is twice the decrease in the CO 3 2-concentration. The relation can be expressed as follows;
where x is the increase in the concentration of H 2 CO 3 . The increase is proportional to the increase in the atmospheric concentration at an equilibrium state.
where α is the increase factor of the atmospheric carbon dioxide. In the seawater equilibrated with the atmospheric carbon dioxide, we obtain; The increase in total carbonate content corresponding to the increase in the atmospheric carbon dioxide of 20 ppm for 14 years from 1973 is calculated from the above equation to be about 12 ± 1 µM for the warm surface water. The increase in total carbonate in the lower intermediate water, therefore, turns out to be 0.14 ± 0.06 µM/yr. Tsunogai et al. (1993) determined the total carbonate in the seawater samples collected in a vertical section along 165°E in the western North Pacific and found the increase in total carbonate in the intermediate layer of 500-1000 m in depth to be 0.54 ± 0.24 µM/yr. The increase in total carbonate expected from the radiocarbon obtained in this study is significantly smaller than that observed at the lower isopycnal surface, σ θ = 27.2, by Tsunogai et al. (1993) . The anthropogenic stable carbon has been accumulated for a long time after the industrial revolution. The difference, therefore, may be due to the lateral mixing with older water formed before 1960's besides the dilution of surface water at the formation of the intermediate water.
Conclusion
The internal cycling of water within the North Pacific has been clearly depicted with chemical and radiochemical tracers, of which amount is much more than that of the upwelling deep water transported by its global circulation. The cycling includes the formation of intermediate water in the northwestern North Pacific and the coming back to the surface in the eastern Pacific especially in the equatorial region. Although the water is confined to the intermediate layer down to 1000 m depth, the water has a large capacity for the storage of the anthropogenic carbon.
